Abstract. Structure and bonding for a series of oxo-bridged and sulphur bridged alkali-metal centers (M-X-M: Li, Na and K; X = O, S) are studied for various M-X-M angles. The structures for these charge-transfer systems are compared with H-X-H. These charge-transfer systems show bonding and structures that are distinctively different from the covalent H-X-H molecules. The singlet-triplet gap for all of these molecules are positive suggesting the stabilization of the spin-paired configuration instead of the paramagnetic state. The variation in the exchange-coupling constant (J) with the change in M-X-M angle suggest that the singlet-triplet gap for these systems can be reduced through stabilization of geometries with M-X-M angles differing from the ground state geometries. Strategies are proposed for reducing the singlet-triplet gaps in these systems by confining them inside fullerenes.
Introduction
One of the emerging directions of research in the current century is towards an understanding of the chemical and physical processes that are associated with miniaturization of devices [1, 2] . The rapid development in the area of synthesis of various nanoparticles for optical, electronic and biomedical applications has triggered active research in the theoretical front for a basic understanding of the origin of such novel properties of nanosystems [3, 4] . Theoretical modeling assisted with numerical computations can provide a crucial microscopic understanding of "bottom-up" processes through which few atoms aggregates to form nano-clusters and the translations of the atomic properties into novel properties arising due to the reduction in the symmetry [5] .
In a similar context, the magnetic properties for the nano-scale materials has gained prominence in the last decade. The discovery of magnetic tunneling and slow magnetic relaxation in single-molecular magnetic clusters like Mn 12 , Fe 8 and V 15 has triggered an upsurge in research these nano-magnets [6] [7] [8] . However, the nature of magnetic interactions in the alkali-metal clusters are yet to be understood properly [9] . For example, in the oxo-bridged Li-dimer, Li-O-Li, the unpaired 2s 1 electrons on each Li-atom can undergo an antiferromagnetic coupling through the 2p electrons of the intervening O atom. Such a mechanism of exhange interactions will thus be equivalent to the well-known superexchange processes in the TM-O-TM (TM = Transition Metal) systems. The superexchange mechanism also critically depends on the TM-O-TM angle wherein an antiferromagnetic state is favoured for TM-O-TM angles between 120 • and 180 • , while a ferromagnetic state is stabilized for M-O-M angles less than 90 • [10, 11] . However, the absence of d-orbitals in the alkali-metals is expected to reduce the overlap of the metal-oxygen orbitals. Contrary to the transition metal (TM) systems, strong charge-transfer from the Li-atoms to the oxygen atoms will lead to Hund's pairing of electrons within the O-atoms. Thus, a system like Li-O-Li may behave as Li + -O 2− -Li + . In this work, we compare and contrast a series of such charge-transfer AM-X-AM systems (AM = Li, Na and K) and also vary the bridging atom: O and S. We also consider their covalent analogues, H-O-H and H-S-H to understand effects of bonding on the singlet-triplet gaps and magnetic interactions between the sites connected by chalcogenide bridges.
All the calculations reported herein have been performed using the Gaussian 03 program suite [12] . Full geometry optimizations have been carried out for all the clusters with 6-311++G(d,p) basis set using hybrid Becke's 3 Parameter exchange functional and Lee, Yang and Parr correlational functional for non-local corrections and VWN functional III for local correlation (B3LYP). Ground state structures are characterized by performing frequency analysis. In Fig. 1 for Li 2 S, Na 2 S and K 2 S respectively. The optimized geometries for both Li 2 S and K 2 S are linear while Na 2 S has an angular structure with an angle of 123.73 • consistent with previous ab-initio studies [15] . The angular structure for Na 2 S arises primarily due to the effective p-d mixing between the the filled 2p orbital of Na and the vacant 3d orbital on the S-atoms. Thus, increased covalency is observed in the Na-S unlike that for Li 2 S and K 2 S which are predominatingly ionic.
For a quantitative understanding of the nature of spin-spin interactions in the M-O-M series with the variation in the M-O-M angle, the energies for the singlet and triplet spin-states are calculated. For the calculation of the energy of the singlet spin-state, broken symmetry calculations were performed with annihilation of the first spin-contaminant [13, 14] . In Fig. 2, [16] . Since, the ground state geometry for these systems are low spin configuration, we consider anti-ferromagnetic interaction between the electronic spins (positive J). The magnitude of J can be calculated as: E S=1 -E S=0 = J. Thus, in all the cases, the inset provides a quantitative estimation for instability of the triplet state with respect to the singlet state. The profiles for Li 2 O, Na 2 O and K 2 O show remarkable similarities. The stability of the broken symmetry state is progressively increased with increase in M-O-M angle and saturates to the maximal value (2.2 eV, 1.0 eV and 1.2 eV for Li 2 O, Na 2 O and K 2 O respectively) for the linear M-O-M geometries. For H 2 O, the maximum stability for the broken-symmetry state corresponds to an H-O-H angle of 105 • . It is interesting to note that the ground state optimized geometries correspond to the angles wherein the maximum stability of the singlet states exists.
Similar to the cases for the M-O-M systems, the M-S-M systems also show maximum stabilization for the broken symmetry state at their ground state geometries (seen from insets in Fig. 3 ). For example, in Li 2 S the singlet-triplet gap increases from 1.8 eV to 2.5 eV for an increase in the Li-S-Li angle from 70 • to 180 • (180 • corresponds to its ground state geometry). Similar trend is also followed by K 2 S for which the singlet-triplet gap increases from 1 eV to 1.6 eV for an increase in the K-S-K angle from 70 • to 180 • . However, the cases for Na 2 S and H 2 S are different. For Na 2 S, the singlet-triplet gap increases from 1.1 eV to 1.6 eV for angles varying from 70 • to 180 • through a maxima of 1.67 eV for the ground state geometry (123 • ). Similarly for H 2 S, the singlet-triplet energy gap decreases from 5 eV to 1.83 eV from 70 • to 180 • through a maxima of 5.66 eV for the ground-state geometry (104.5 • ).
From the preceeding discussions, it is clear that for a relative stability of the high spin state of these M-X-M systems, one needs to distort the M-X-M angle from its ground state geometry. However, stabilizing a structure that does not correspond to the ground state geometry is itself a formidable task. Recently, there has been a huge interest in clathrates where small molecules can be entrapped inside nanocavities [17] . For example, fullerenes can encapsulate molecules like H 2 O, NH 3 and CH 4 . Such confinement of small molecules lead to deviation in the molecular geometry for the entrapped molecules from their ground state structures. We have optimized the geometry of the H 2 O molecule inside a C 60 at the B3LYP/3-21G level. The ground state optimized geometry for the H 2 O confined within the fullerene is shown in Fig. 4 . Inside the cavity, the H 2 O molecule is compressed and the H-O-H angle reduces to 102.6 • . Thus, confinement of a water molecule stabilizes the system in a compressed geometry. In Fig. 5 , we plot the molecular orbital energy levels for H 2 O and the H 2 O molecule inside C 60 . H 2 O has a HOMO-LUMO gap of 9.68 eV corresponding to the σ and σ * levels. Interestingly, in the presence of fullerene, the π and π * levels of the C 60 occupy states within the σ and σ * levels of the isolated water molecule. This effectively reduces the HOMO-LUMO gap of composite system to 1.54 eV. The singlet-triplet gap for this system reduces to 2.07 eV which is substantially smaller than 5.66 eV which corresponds to the J for the ground-state geometry of H 2 O. Such a large reduction in J is again an outcome of the intervening π-levels of the C 60 within the σ-levels of H 2 O.
In conclusion, based on the computation for the singlet-triplet gaps for the a series of alkali-metal dinuclear spin systems connected by an oxygen or sulfur atom, it is found that the singlet state corresponds to ground state geometry for all M-X-M angles more so, for the optimized geometries. Confining molecules within nano-cages like C 60 stabilize the otherwise high energy structures and provide an innovative method to reduce the singlet-triplet gaps in these class of systems.
